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Hydro-mechanical anisotropy of clay soils in response to deformation or deposition history is re-
lated to the micromechanics of plate-like clay particles and their orientations. In this letter, we
examine the relationship between microstructure, deformation and moisture content in kaolin clay
using a technique based on neutron scattering. This technique allows for the direct characterisa-
tion of microstructure within representative samples using traditional measures such as orientation
density and soil fabric tensor. From this information, evidence for a simple relationship between com-
ponents of the deviatoric strain tensor and the deviatoric fabric tensor emerged. This relationship
may provide a physical basis for future anisotropic constitutive models based on the micromechanics
of these materials.
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Compacted clays are found in a wide variety of natu-
ral and man-made settings. They show complex hydro-
mechanical behaviour that must be understood for effec-
tive design of civil infrastructure such as dams, embank-
ments, roads as well as nuclear waste disposal facilities.
One of the more complicated aspects of these mate-
rials is the significant amount of anisotropy they can
display. This anisotropy is directly linked to micro-
structure; properties are sensitive to preferred orienta-
tions of the microscopic plate-like clay particles (see Fig-
ure 1a). The arrangement of these platelets is often re-
ferred to as the fabric of the material, the evolution of
which is directly related to deformation and deposition
history. Modern constitutive models strive to capture
these effects by modifying (rotating) the yield surface
and flow rules in response to plastic strain [1, 2]. This ap-
proach assumes a causal link between deformation, fabric
and mechanical anisotropy, however the micro-mechanics
of this are poorly understood.
The development of a proper understanding of the
mechanisms behind anisotropy in clays relies on being
able to accurately characterise micro-structure. Since the
pioneering work of Barden et al. [3], Collins et al. [4], Os-
ipov et al. [5] and Sloane and Kell [6], various qualitative
and quantitative techniques have been combined to ap-
proach this goal. Mercury Intrusion Porosimetry (MIP)
and nitrogen adsorption tests [7, 8] can examine pore
size distribution, however fabric represents a greater chal-
lenge. Traditional techniques involved microscopy (SEM
and ESEM) and laboratory-based X-ray sources (e.g. [9–
12]), however these methods can be limited to small sam-
ples or observations near external surfaces which are not
necessarily representative.
More recent techniques using synchrotron and neutron
radiation [13–15] can explore bulk properties. The prin-
ciple involved is as follows;
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The plate-like nature of clay particles is directly re-
lated to their layered silicate crystal structure. As a con-
sequence, the physical orientation of a clay platelet corre-
sponds to crystallographic directions. In other words, the
crystallographic texture of a clay sample directly informs
on micro-structural fabric. Crystallographic texture, ex-
pressed as the orientation density of crystal planes, is of
prime concern in various areas of material science and a
number of experimental techniques based on diffraction
are available to make such measurements. In particular,
the penetrating nature of neutrons provides a method
by which texture can be measured in bulk samples at
the scale of centimeters depending on the material [16].
The approach relies upon the fact that the intensity of a
diffracted beam depends directly on the number of crys-
tal grains that satisfy Bragg’s law for a given orientation
of the sample and instrument. Figure 1b provides a typ-
ical experimental setup.
With an incident beam of constant wavelength, the
magnitude of a diffraction peak, Ihkl, as a func-
tion of direction (relative to the sample), nˆ =
(cosψ cosφ, cosψ sinφ, sinψ), can be used to map-out
the orientation density for the corresponding lattice
planes;
Ohkl(nˆ) =
Ihkl(nˆ)
〈Ihkl〉 (1)
In the case of a kaolinite, the orientation density of
the basal lattice planes (e.g. 0001, 0002 etc.) directly
provide the orientation density of platelets. Note that
there is a slight misuse of terminology here. The term
“orientation” usually refers to the directions of all lat-
tice planes (i.e. as specified by 3 Euler angles). In our
case, orientation of platelets about their normal axis is
irrelevant (and most likely random) as far as fabric is
concerned. For this reason, in this letter our use of the
term “orientation’ is interchangeable with “direction’ or
“axis”.
Orientation density can be used to calculate fabric ten-
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2TABLE I. Sample properties for the first experiment
Sample Dry Moisture Content
Number Density [g/cc] (by mass)
S1-0 1.85 8.17%
S2-0 1.70 8.17%
S3-0 1.54 8.17%
S4-0 1.32 8.17%
S5-0 1.30 2.4%
S6-0 1.30 18.3%
S7-0 1.32 27.5%
S8-0 1.31 33%
sors of the form [17];
Fi1i2···ir =
1
2pi
∫ pi
2
0
∫ 2pi
0
O(nˆ)nˆi1 nˆi2 · · · nˆir cosψdφdψ,
(2)
where r is an arbitrary rank (note that O(nˆ) = O(−nˆ)).
In each case this represents an ensemble average of the
form Fi1i2···ir = 〈hˆi1 hˆi2 · · · hˆir 〉, over individual platelet
unit normal vectors, hˆ, within the sample.
Fabric tensors of this type are often used in soil me-
chanics as a description of internal structure. In granular
materials, a fabric tensor usually refers to orientations of
contacts, however the plate-like structure of clay parti-
cles implies equivalence in this case. Higher rank tensors
can capture higher order variations, however in practice,
rank-2 is usually deemed sufficient. The trace of this ten-
sor is unity, with a random distribution of orientations
implied by Fij =
1
3δij . In principal directions, diago-
nal components of the rank-2 fabric tensor refer to the
relative size of principal diameters of an ellipsoidal ori-
entation density function - higher rank tensors represent
higher order spherical harmonics.
In this letter we utilise neutron scattering techniques
in two experiments aimed at examining the evolution of
fabric within kaolin-clay samples as a function of compo-
sition, density and deformation history.
The first experiment involved an examination of the
evolution of soil fabric during compaction along with the
effects of moisture content;
Clay samples were prepared by mixing kaolin powder
with deionized water before sieving to produce a max-
imum aggregate size of 1.5 mm. After an equalization
time of 48 hours, eight cylindrical samples (∅15×10mm)
were uniaxially compacted to the densities and moisture
contents given in Table I. After compaction, all moisture
was removed through the freeze-drying method [18].
Orientation density within each sample was then mea-
sured using the KOWARI diffractometer at the Aus-
tralian Centre for Neutron Scattering (ACNS) within
the Australian Nuclear Science and Technology Organ-
isation (ANSTO). These measurements were based on
the relative intensity of the (0002) diffraction peak from
monochromatic neutrons of wavelength 2.8A˚over a 5◦×5◦
regular grid of sample orientations for 0 < φ < 360
and 0 < ψ < 90 using a standard 4-circle goniometer.
High background levels due to hydrogen within hydroxyl
groups necessitated relatively long sampling times; each
sample required a total of around 12 hours of beamtime.
Figure 2a shows the results of this experiment. 8 pole
figures are shown arranged in the order indicated in the
graph in the upper right corner. Each pole figure is a
depiction of the orientation density as viewed along the
direction of compaction (notionally aligned with the third
coordinate axis). Also shown in the upper right corner
is the 11-component of the deviatoric part of the rank-
2 fabric tensor, F ∗ij = Fij − 13δij , plotted as a function
of either final density or moisture content. In this case,
the F11 component provides a measure of the degree of
alignment of platelets to the direction of compaction.
With the exception of the wettest sample (S8-0), all of
the pole figures indicate fibre textures aligned with the
direction of compaction. As expected, this indicates an
alignment of platelets with their axis normal to the direc-
tion of compaction. The wettest sample shows a similar
orientation density superimposed with a faint meridional
band. This is thought to be due to difficulties in the
preparation of this sample associated with large agglom-
erates present prior to compaction; it is likely that defor-
mation of these agglomerates was not strictly axial.
Overall, the measurements show two interesting
trends. First, the deviation of the fabric from the
isotropic state of F ∗ = 0 increases with the level of
compaction. This result is perhaps expected. Moisture
seems to have a more varied effect. For the same density,
low and high levels of moisture lead to higher levels of
alignment with a minimum in-between. To explore this
behaviour, the pore structure of a second series of sam-
ples compacted to the same density was examined using
MIP. Figure 2b shows the Pore Size Distributions (PSD)
of these samples arranged in decreasing moisture content.
Specimens compacted at low moisture contents (less than
10%) clearly show a mono-modal PSD. A mono-modal
PSD is also predominant at higher moisture contents al-
though the presence of some macro-porosity is also rec-
ognized. In between (particularly at 18.3% moisture) a
clear bi-modal PSD can be observed due to clay aggre-
gation. Bi-modal PSDs are commonly related to random
(open) fabrics [19]. It is likely that the deformation of the
aggregates is not strictly axial, leading to the minimum
value in F ∗11 observed in Figure 2a.
Following the success of this experiment, a second ex-
periment was devised to examine the relationship be-
tween the evolution of fabric and deformation for more
complex loading paths. This experiment involved the
preparation of samples through the following process;
A large kaolin sample was compacted at 10% mois-
ture content within a 90mm diameter cylindrical mould
to a density of 1.3g/cc. This compaction was performed
in layers to reduce density variation in the axial direc-
tion. The initial state provided by this process approxi-
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FIG. 1. (a) SEM image of plate-like kaolin particles. (b) Texture measurement on a neutron instrument. The intensity of
the diffracted beam is proportional to the number of crystal planes aligned in the direction nˆ. (c) Sample preparation for the
second experiment; initial compaction to a reference state followed by compaction at either 90◦ or 45◦ to the initial direction.
(a) (b)
FIG. 2. (colour online) Results showing the evolution of clay fabric during compaction and the effects of moisture content.
(a) Pole figures show the 3D orientation density function for platelets as viewed in the direction of compaction. (b) Pore size
distribution from MIP as a function of moisture content for a series of samples with 1.3g/cc dry density.
mately corresponded to sample S4-0 in the previous ex-
periment. A number of 15mm diameter cylindrical sub-
samples were then cut from this larger sample; 4 samples
with their axis at 90◦ to the initial compaction direc-
tion, 4 at 45◦ (see Figure 1c). Each sub-sample was then
compacted in the axial direction to final target densities
summarised in Table II. The initial length, and strain
imposed by this second stage of compaction is also given
in Table II. As before, each of these samples was freeze-
dried to remove all moisture prior to measurement.
Using the same instrument setup as the first exper-
iment, the orientation density of these 8 samples was
measured. Figure 3 shows the resulting pole-figures for
each sample as viewed along the direction of the sec-
ond stage of compaction. Colourmaps are individually
TABLE II. Sample properties for the second experiment. All
samples had 10% moisture content
Sample Initial Length Axial Dry Density Direction of
Number [mm] Strain [g/cc] Compaction
S1-90 10 0 1.30 90◦
S2-90 12.2 0.11 1.50 90◦
S3-90 15.0 0.28 1.76 90◦
S4-90 16.6 0.31 1.84 90◦
S1-45 10 0 1.30 45◦
S2-45 12.2 0.11 1.51 45◦
S3-45 15.0 0.27 1.76 45◦
S4-45 16.6 0.29 1.84 45◦
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FIG. 3. (colour online) Evolution of structure within clay samples as a function of strain. With reference to Figure 1b, samples
on the left are subject to strain at 90◦ to the initial compaction, samples on the right are at 45◦. (a) and (b): pole figures show
the three-dimensional orientation density as viewed in the direction of the second stage of compaction. (c) and (d): individual
components of the deviatoric fabric tensor as a function of the corresponding components of deviatoric strain.
normalised with the maximum and minimum values in-
dicated. Shown alongside is the corresponding deviatoric
strain (∗ij = ij − ¯δij , where ¯ = 13kk) and deviatoric
fabric tensors, both expressed in the coordinate system
indicated in Figure 1(c). In Figure 3c and 3d, individual
components of deviatoric fabric are plotted against cor-
responding components of deviatoric strain; components
that do not significantly change are not shown.
For samples S1-90 to S4-90, we see that the second
stage of compaction produces a significant transforma-
tion in the orientation density. The initial state shows
alignment in the x-direction in-line with the initial com-
5paction. As compressive strain is applied along the z-
axis, the peak migrates and then intensifies in this direc-
tion. This effect can also be observed in the deviatoric
fabric which is approximately in principal directions over
the whole loading path. The diagonal terms are initially
dominated by the F ∗11 component, which is offset by the
F ∗22 and F
∗
33 components in roughly equal amounts. As
compressive strain is applied in the z-direction, the F ∗33
component grows at the expense of the other two.
In terms of orientation density, S1-45 to S4-45 show
similar behaviour. Over the second stage of compaction,
the initial alignment of platelets transforms to align and
intensify in the direction of compressive strain. However,
in contrast to the 90◦ samples, the final state is subtly
misaligned; the peak value of the orientation density is
slightly to the left of centre. This is also observed in the
fabric tensor which features a prominent F ∗13 component
in the final state. Note that this departure from principal
directions is also present in the applied strain.
When viewed in relation to individual components of
the strain tensor, the evolution of the fabric tensor be-
comes clear. From Figure 3c and 3d we see that, within
experimental error, components of the deviatoric fabric
tensor change from their initial state at a constant rate
with respect to the corresponding component of devia-
toric strain. Of particular note; this rate of change ap-
pears consistent across all components. Averaging across
components provides the following simple relationship;
∂F ∗ij
∂∗ij
= −0.35± 0.01 (3)
This constant relationship suggests that isotropic
strain paths have no impact on fabric, and that prin-
cipal directions of strain and fabric should coincide if the
initial state is random. However, it should be made clear
that this relationship was only observed to hold over the
range and direction of deformations examined in the sec-
ond experiment. Outside of this range, or in the case
of other strain paths (e.g. pure shear or dilation), the
situation may vary. In fact, a similar relationship can
be observed in the first experiment from samples S1-0
to S4-0, but with a different constant of proportionality
(−0.24 rather than −0.35). This was a curious result that
prompted further examination, including measurements
from additional samples uniaxially compacted from an
initial state corresponding to sample S6-0. All of this ad-
ditional work confirmed the original observation. Work
continues on resolving this detail, however outside of this
small issue, the results suggest that a relatively simple
relationship between strain and fabric is available.
In conclusion, neutron diffraction techniques provide a
direct approach for assessing fabric within clay samples.
Through this approach we have been able to directly ob-
serve the orientation density of clay platelets and un-
cover a simple empirical relationship between deviatoric
strain and the evolution of the fabric tensor. Given the
direct link between mechanical properties and fabric, it
is conceivable that this simple relationship could be in-
tegrated into an anisotropic constitutive model for this
type of material. As opposed to current phenomenolog-
ical approaches, this may allow the development of new
anisotropic constitutive models based directly on the mi-
cromechanics of clay materials.
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